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ZebraﬁshEarly studies suggested that most connexin genes share a relatively simple structure with a single intron of
variable length interrupting the 5′ untranslated region (UTR). Here we report that zebraﬁsh cx45.6 shows six
isoforms of alternative 5′UTRs which are generated from multiple promoter usage and alternative pre-mRNA
splicing. Interestingly, cx45.6 undergoes tandem alternative splicing, which produces transcripts only
differing by 3 nucleotides. This is the ﬁrst study that has demonstrated tandem alternative pre-mRNA
splicing in the connexin gene family. Expression patterns of cx45.6 alternative transcripts were demonstrated
by real-time RT-PCR during zebraﬁsh embryonic development and in adult tissues. The complexity of 5′UTR
diversity suggests complicated regulatory mechanisms for cx45.6 gene expression at both transcriptional and
post-transcriptional levels, and we propose that tandem alternative splicing in cx45.6 5′UTRs could play a
role in translational control. These results lay groundwork for further investigations on the regulation and
function of cx45.6 gene expression.have been deposited with the
3503, GU363504, GU363505,
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Connexins (Cx) are a family of transmembrane proteins that, by
constructing gap junction channels, provide the only pathway for direct
cell-to-cell communication of ions, second messengers, and small
metabolic molecules between adjacent cells, thus coordinating cellular
activitiesduring embryonic development aswell as in adult tissues [1,2].
Studies have demonstrated that loss or mis-regulation of gap junctional
communication can cause various human diseases or defects [3,4]. The
connexin proteins are encoded by a large multi-gene family, which for
example consists of 20members in themouse genome and 21members
in the human genome [5]. Expression of connexin genes shows unique
tissue- or cell-type speciﬁc distribution, while most cells co-express
multiple connexin genes. This distinct but overlapping expression
pattern suggests complicated regulatorymechanisms for the expression
and function of connexin genes [6,7].
Early studies suggested that connexin genes share a relatively simple
genomic structure consisting of two exons, with their 5′ untranslated
regions (UTRs) interrupted by an intron of variable length. However, in
recent years, a fewexceptions to this rule have beendocumented [8–11].
A few connexin genes were found to contain three exons, with their 5′UTRs interrupted by two introns, suchas human cx30 (GJB6) [12],mouse
cx40 (Gja5) [11], mouse cx45 (Gjc1) [13], and zebraﬁsh cx48.5 (Tao and
Valdimarsson, unpublished data). Several connexin genes have been
found tohave alternativeﬁrst exons in their 5′UTRs,which resulted from
variable promoter usage and alternative pre-mRNA splicing. These
include human cx30 [12], mammalian cx31 (GJB3) [11,14,15], cx32
(GJB1) [16–20], cx40 (GJA5) [11,21], cx43 (Gja1) [10], and cx45 (Gjc1)
[11]. It was hypothesized that the usage of alternative promotersmay be
more likely a common feature of connexin gene expression rather than
unique to only a few exceptions [11]. Previous studies in our lab
demonstrated that zebraﬁsh cx48.5 (and its mouse ortholog, cx46
(Gja3)), zebraﬁsh cx44.1 (and itsmouse ortholog, cx50 (Gja8)) also have
alternative 5′UTRs which are generated from multiple promoter usage
and alternative pre-mRNA splicing (Tao and Valdimarsson, unpublished
data). With these observations, we supposed that different promoter
usage combined with alternative pre-mRNA splicing might be common
features in the regulation of connexin gene expression. Although our
knowledge is still rather very limited, nevertheless the expression of
alternative 5′UTRs suggests complicated regulatory mechanisms for
connexin gene expression at both transcriptional and post-transcrip-
tional levels [10,11,16–18,20,21].
In the heart, gap junctions are important for the propagation of
action potentials between myocytes, and are therefore essential for
the coordinated and rhythmic contractions of the atria and ventricles
[22–24]. The connexin genes abundantly expressed in mammalian
heart include cx37, (GJA4) cx40, cx43 and cx45; and the expression
pattern of each connexin is tightly controlled in a cell-type speciﬁc
manner [25–28]. The zebraﬁsh cx43.4 (ortholog of mammalian
cx45) and zebraﬁsh cx43 (ortholog of mammalian cx43) have been
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gene expression by morpholino oligos demonstrated severe defects
in heart morphology during zebraﬁsh embryonic development [31].
Our lab has previously cloned and characterized zebraﬁsh cx45.6
gene (the ortholog of mammalian cx40) [32], with an aim to
elucidate the regulatory mechanisms for the expression and
functional roles of connexin genes during heart development and
in the adult cardiovascular system. Here in this study, we report
the identiﬁcation and characterization of cx45.6 alternative tran-
scripts that differ only in their 5′UTRs. Our date support the
hypothesis that alternative 5′UTRs generated from multiple
promoter usage and alternative pre-mRNA splicing might be
common feature for connexin gene expression. More interestingly
in this study, tandem alternative splice acceptors in the “CAGCAG”
motif were identiﬁed in cx45.6 gene, which produce transcript
variants differing only by 3 nucleotides in the 5′UTR. This is the
ﬁrst study that has demonstrated tandem alternative splicing
events in the connexin gene family. The results in this study lay the
groundwork for future studies on the regulatory mechanisms forFig. 1. Alignment of zebraﬁsh cx45.6 transcript variants. Multiple transcriptional start sites
Transcript variants are derived from different promoter usage and alternative pre-mRNA sp
with the colors that are used in Fig. 2, respectively). TSSs of cx45.6 are indicated by asterisks (
RACE experiment are indicated in the parentheses. The adenine site in ATG codon was assign
Tandem alternative splice acceptors are within a “CAGCAG”motif. Among those 19 independ
distal AG. Transcript I(Ia) and II(IIa) have two exons each, whereas transcript III (IIIa) are tgene expression and functional roles of Cx45.6 in the development
and function of the zebraﬁsh cardiovascular system.
Results
Multiple transcriptional start sites and alternative splicing of cx45.6
5′RACE (rapid ampliﬁcationof cDNAends) analyseswere performed
in order to identify the transcription start sites (TSSs) and the 5′UTR
sequences of zebraﬁsh cx45.6. This is a RNA ligase mediated (RLM) 5′
RACE strategy,which takes advantage of the 5′ capofmaturedmRNAs to
ensure only full-length 5′ ends of cDNAs are selectively ampliﬁed, thus
making it feasible to map the TSSs of a gene. This method has been
demonstrated to be comparable and, inmany cases,more accurate than
S1 nuclease protection, RNase protection, and primer extension
approaches [33,34]. Previous RT-PCR studies showed that cx45.6
mRNA is predominantly detected in the heart and liver tissues [32],
thus we used RNA samples isolated from both tissues (a mixture)
attempting to possibly capture more potential TSSs in one RACE(TSSs) and six isoforms of alternative transcripts were identiﬁed by 5′RACE strategy.
licing, which differ only in the 5′UTRs (highlighted with different colors which match
*) above the genomic sequence, and the numbers of independent clones sequenced in 5′
ed as position +1. Splicing events follow the conserved “GU-AG” rule (as underlined).
ent clones, 15 transcripts use the intron-proximal AGwhile 4 transcripts use the intron-
hree-exon transcripts.
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vector (Invitrogen), and 19 positive clones were randomly isolated for
sequencing. Sequencing results were then aligned against the genomic
DNA sequence, resulting in the identiﬁcation of the transcriptional start
sites and the 5′UTR sequences of cx45.6.
As shown in Fig. 1, six isoforms of cx45.6 transcripts were identiﬁed,
and signiﬁcantly, variable transcripts are transcribed from multiple
transcriptional start sites. TSSs separated by less than 50 base pairs are
generally considered to be controlled by the same core promoter.
According to this criterion, alternative cx45.6 transcripts are transcribed
from three promoters. P1 and P2 are alternate core promoters, whereas
P3 is an alternative distal promoter located about 4 kbupstream (P1, P2,
and P3; Fig. 2). Among those 19 independent clones, 10 transcripts use
P1 and 8 transcripts use P2, while 1 transcript was detected to use the
distal alternative P3 (Fig. 1). A search for a TATA-box did not ﬁnd TATA-
like elements for either P1 or P2, while a TATA-like element was found
upstream of the TTS driven by P3 (Fig. 1). Transcript variants produced
by P1 and P2 contain two exons, which is similar to typical connexin
genes. However, transcript variants produced by the alternative distal
promoter P3 contain three exons, of which the second exon carries 127
nucleotides and shares sequenceswithpart of theﬁrst exonof the other,
shorter transcripts (Figs. 1 and 2). It is signiﬁcant that cx45.6 alternative
transcripts are derived from multiple promoter usage and alternative
pre-mRNA splicing.
All pre-mRNA splicing events of cx45.6 follow the conserved “GU-
AG” rule. However interestingly, tandem alternative splice acceptors
(“AGs”) were found within a “CAGCAG” motif (Fig. 1). Therefore, the
5′UTR exons are spliced to their common coding region at these
tandem splice acceptors, producing alternative transcripts which
differ only by 3 nucleotides in the 5′UTR. Alternate transcripts (Ia, IIa,
and IIIa) selectively use the intron-distal AG as the splicing acceptor
(Fig. 1). Among those 19 independent clones, 15 transcripts use the
intron-proximal AG while 4 transcripts use the intron-distal AG
(Fig. 1). To date, this is the ﬁrst study that has demonstrated tandem
alternative splicing in the connexin gene family.
A search for upstream AUG codons (uAUGs) revealed a couple of
uAUGs within the transcripts II and III of cx45.6 (data not shown). All
these uAUGs are followed by in-frame stop codons prior to the normal
AUG codon, thus resulting in a couple of uORFs (upstream open readingFig. 2. Zebraﬁsh cx45.6 genomic structures and the design of real-time PCR primers. Boxes r
sequences (or introns). All transcripts share the same coding sequence and 3′UTR, where
alternative pre-mRNA splicing (including tandem alternative splicing). Alternative 5′UTRs ar
time PCR primer pairs were designed to target speciﬁc transcript variants (indicated by arrow
by the tandem alternative 3′ sites (shown by double arrows).frames) of variable length. As both alternate 3′ splice sites do not shift
the open reading frame, all transcript variants of cx45.6 encode the same
protein product. It has been thought that uAUGs can inhibit cap-
dependent translation [35,36]. uAUGs in cx45.6 transcripts might
provide a potential mechanism for the control of translational initiation.
Expression patterns of zebraﬁsh cx45.6 transcript variants
We employed real-time RT-PCR protocol to reveal the expression
patterns of cx45.6 alternative transcripts during zebraﬁsh embryonic
development as well as in adult tissues. Comparing with conventional
endpoint RT-PCR, real-time RT-PCR has many advantages [37]. For
example, ﬁrstly, it avoids the need for post-PCR processing (e.g., gel
electrophoresis) because the amount of PCR products is recorded in
real time. Secondly, it allows straightforward comparison of mRNA
expression levels by comparing their threshold cycles (Ct). With its
quantitative potential, it can be a quantitative as well as a qualitative
assay [38]. We selected the real-time PCR protocol considering these
advantages, but nevertheless the analyses of expression patterns are
actually more qualitative in nature, and quantitative determinations
of cx45.6 mRNA expression were not of our interest in this study.
To investigate the distribution of cx45.6 mRNA expression among
adult zebraﬁsh tissues, RNA samples were isolated from 15 different
tissues including lens, retina, heart, liver, ovary, testis, spleen, gill,
intestinal gut, brain, swim bladder, inner ear, skin, ﬁn, and skeletal
muscle. The forwardprimers span a commonexon/exon junction,while
the reverseprimer is located in the coding regionof cx45.6, thus allowing
all transcript variants to be targeted by the primer pairs (see below,
primer pairs for transcript I/Ia actually target all variants). The zebraﬁsh
elongation factor 1-alpha (ef1α) gene was selected as the reference
gene, since ef1α has been demonstrated as the most suitable reference
gene for zebraﬁsh real-time RT-PCR analyses, both in time-course and
tissue based experiments [39]. Real-time RT-PCR results have shown
that cx45.6 mRNA is primarily expressed in zebraﬁsh adult heart, with
only low levels of expression detected in other tissues such as the retina,
liver, spleen, inner ear, and skeletal muscle (Fig. 3 A, and Table S1).
Using real-time RT-PCR, we further demonstrated the distribution
of cx45.6 alternative transcripts among zebraﬁsh adult tissues
including the retina, heart, liver, spleen, and intestinal tract. In orderepresent the exons of cx45.6 transcripts, while bold lines (or blank boxes) are genomic
as alternative 5′UTRs are derived from different promoter usage (P1, P2 or P3) and
e ﬁlled with different colors that match with the colors used in Fig. 1, respectively. Real-
s). All primer pairs have at least one primer spanning the exon–exon boundary formed
Fig. 3. Expression patterns of zebraﬁsh cx45.6 transcripts. The expression levels of cx45.6 transcripts were translated into bar heights in the graphs by normalizing Cts against
reference ef1α. (A) Expression of cx45.6 total mRNA is predominant in adult heart tissues. (B) Distribution of cx45.6 alternative transcripts among ﬁve zebraﬁsh adult tissues.
(C) Selection of tandem splicing acceptors of cx45.6 among ﬁve adult tissues. (D) Expression pattern of cx45.6 alternative transcripts during zebraﬁsh embryonic development.
Table 1
Zebraﬁsh cx45.6 real-time PCR primers.
Templates Sequences of primers (5′–3′) Amplicon
cx45.6-I (F) CACAAGTCAGCAGTCACACAGCA 173 bp
(R) CATGATGACTCTGCCGCTGTGCCTAAC
cx45.6-Ia (F) CTCACAAGTCAGCAGTCACACAGTG 172 bp
(R) CATGATGACTCTGCCGCTGTGCCTAAC
cx45.6-II (F) GCTCAGTTTATACTTGCTGTCATACAG 175 bp
(R) CATTACTCCTCACCTACACTGCTGT
cx45.6-IIa (F) GCTCAGTTTATACTTGCTGTCATACAG 174 bp
(R) CCCATTACTCCTCACCTACACTGTG
cx45.6-III (F) GAGAAGGGATCATGTGATCAGATATCAG 169 bp
(R) CATTACTCCTCACCTACACTGCTGT
cx45.6-IIIa (F) GAGAAGGGATCATGTGATCAGATATCAG 168 bp
(R) CCCATTACTCCTCACCTACACTGTG
ef1α (F) GAGGAGTGATCTCTCAATCTTGAAAC 171 bp
(R) CTTCCTTCTCGAACTTCTCGATGGTTC
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pairs have at least one primer spanning an exon–exon boundary. As
shown in Fig. 2, primer pairs for transcripts II/IIa and III/IIIa were
designed speciﬁcally to amplify these variants, however, primer pairs
for transcript I/Ia actually can target all transcript variants of cx45.6. In
this case, our results for transcript I/Ia were corrected by calculation.
All primers for real-time PCR are listed in Table 1. Real-time RT-PCR
results show that transcripts I and Ia are predominant among these six
isoforms while only trace expression of transcripts III and IIIa were
detected among these tissues (Fig. 3 B, and Table S2). Interestingly,
the intron-proximal AG is preferably selected for 3′ splice acceptor
site. In order to describe the selection between proximal and distal
AGs, the same set of data was reorganized in terms of the usage of
alternate 3′ splice sites. In all tissues examined, the intron-proximal
AGwas used about 4 timesmore than the intron-distal AG (Fig. 3 C). It
appears that the preference of AG selection shown by real-time PCR is
consistent with our observation from the RACE experiment (15 vs 4
among randomly isolated clones, Fig. 1).
In order to demonstrate the expression patterns of cx45.6
transcript variants during embryonic development, real-time RT-
PCRs were performed with embryos at early developmental stages
(0.5 dpf and 1–5 dpf). Results show that transcripts I/Ia and II/IIa of
cx45.6 are expressed during zebraﬁsh early embryonic development,
whereas like in adult tissues, only small traces of expression of
transcript III or IIIa were detected (Fig. 3 D, and Table S3). Expression
of cx45.6 transcript variants was readily detected at 1 dpf stage and atlater stages, while in 0.5 dpf stage embryos, no signiﬁcant expression
of cx45.6 transcripts was detected. Previous conventional RT-PCR
analyses of cx45.6 total mRNA in early embryos described the absence
of cx45.6 transcripts around 0.5 dpf stage, which presumably due to
the loss of maternal transcripts at the midblastula transition [32]. Our
real-time RT-PCRs in this study have supported previous descriptions.
Signiﬁcantly, these results have demonstrated that expression of
cx45.6 zygotic transcripts is sharply increased between 0.5 and 1 dpf
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development of cardiovascular systems [40,41]. This expression
pattern certainly implicates the importance of the functional roles of
cx45.6 transcripts in zebraﬁsh cardiovascular development. Like in
adult tissues, transcript I/Ia of cx45.6 is the most abundantly
expressed transcript. Also, it is signiﬁcant that the intron-proximal
AG is preferably selected as the 3′ splice site (about 4 times more than
the distal AG). Therefore, for tandem alternative splicing of cx45.6, the
intron-proximal AG appears to be preferably selected both in
developing embryos and adult tissues.
Discussion
In this study, the 5′UTR sequences of zebraﬁsh cx45.6 and alternative
pre-mRNA splicing were identiﬁed and characterized. Results have
shown that cx45.6 has six isoforms of transcript variants, differing in the
5′UTR, which are derived from multiple promoter usage and alternative
splicing. The expressionof alternative 5′UTRs in someconnexin genes has
been previously reported in recent years, including cx32 [20], cx43 [10],
and ﬁve mouse connexin genes (cx31, cx40, cx45, cx46, and cx47; also
known as Gjb3, Gja5, Gjc1, Gja3, and Gjc2) [11], and our own data on
zebraﬁsh cx44.1, cx48.5, and mouse cx50 (Tao and Valdimarsson,
unpublished). Results in this study support our hypothesis that multiple
promoter usage and alternative pre-mRNA splicing might be common
features for connexin gene expression and regulation. A search for uAUGs
found a couple of uORFs within the 5′UTRs of cx45.6, and further
predictionof theRNAsecondary structures showed that cx45.6 transcripts
have stable loop-stem structures throughout their 5′UTRs (data not
shown). 5′UTRs usually play essential roles in the regulation of gene
expression by affecting mRNA nuclear export, cytoplasmic localization,
stability, and translational efﬁciency [42–44]. Overall, the complexity of 5′
UTR diversity suggests that cx45.6 expression can be tightly regulated
both at transcriptional and post-transcriptional levels.
Interestingly, results in this study have demonstrated tandem
alternative splicing of cx45.6 at splice acceptors with a “CAGCAG”
motif, which produce alternate transcripts differing only by 3 nucleo-
tides in the 5′UTR (Fig. 1). To date, this is the ﬁrst study that reports
tandem alternative splicing in the connexin gene family. Recent studies
suggested that tandem splice acceptorswith a “NAGNAG”motif (N=A,
C, G, T) are most frequent in plants and animals [45–49]. It has been
proposed that splicing between the intron-proximal and intron-distal
AGs is achieved by a competitionmechanism [47,50,51]. Inmany cases,
the selection of such AGs can be highly regulated under speciﬁc spatio-
temporal conditions or external stimuli [46,52–56]. However, in some
other cases, the tandem splicing ratio is rather constant, and it is
suggested that the selection of splice sites may be achieved by
stochastically binding to spliceosomal core components (such as U1
snRNA or U2AF35 (U2AF1)) [57]. In this study, our preliminary results
show that tandem acceptors of cx45.6 are spliced at a constant ratio
among adult tissues as well as during embryonic development (Fig. 3 C
and D). This feature implicates that the stochastic mechanism for
tandem AG selection might be used by zebraﬁsh cx45.6.
Tandem splicing of mRNAs can lead to the production of functionally
different proteins, for example, the zebraﬁsh pou5f1 gene [54], and
human SCN5A gene [58]. It was also reported that stochastic splicing of
DrosophilaDSCAM is essential for proper axon guidance [59]. Yet it is not
clear at this stage whether or not the tandem alternative splicing of
cx45.6 may have functional importance, since its tandem acceptors are
located in the 5′UTRs (thus producing the identical protein). The
prediction of 5′UTR secondary structure showed that tandemalternative
splicing of cx45.6 can signiﬁcantly affect the formation of loop-stem
structures (data not shown). Though further analyses are certainly
needed, tandem alternative splicing in zebraﬁsh cx45.6 could possibly
play a role in the regulation of translational efﬁciency, as was shown in
the regulation of γ-glutamyltransferase transcript processing [60]. In
future studies, in vitro reporter assays may provide a practical approachto test the importance of tandem alternative splicing in the regulation of
cx45.6 expression.
Real-time RT-PCR demonstrated that most transcripts of cx45.6
contain two exons, which is similar to typical connexin genes [8,9].
However, there are other types of transcripts (III and IIIa) that are
transcribed from an alternative distal promoter (about 4 kb up-
stream) and contain three exons (Figs. 1 and 2). This is interesting
since only a few connexin genes have been found to have three exons,
for example, human cx30 [12], mouse cx40 [11], cx45 [13], and
zebraﬁsh cx48.5 (Tao and Valdimarsson, unpublished data). In
addition, real-time RT-PCR showed that these three-exon transcripts
were expressed much more abundantly in adult retina tissues than
other tissues or at early embryo stages (Figs. 3 B and D). Similarly in
the mouse, cx40 (the ortholog of zebraﬁsh cx45.6) was also found to
transcribe an extra alternatively spliced exon (called “AS exon”).
These AS exon-containing transcripts are nearly absent in mouse
embryos and adult heart tissues, whereas they are much more
abundant in other adult tissues such as esophagus [11]. The addition
of an extra non-coding exon has been demonstrated to play an
important role in translational control of the transcripts encoding
proinsulin [61] and neuronal nitric oxide synthase [62,63]. It was
suggested that mouse cx40 could use similar regulatory mechanisms
for translational control due to the existence of such an additional “AS
exon” [11]. We suppose that regulation of cx45.6 expression may also
use similar mechanisms. Although future analyses are certainly
needed, the similarities between mouse cx40 and zebraﬁsh cx45.6
may implicate that the regulatory mechanisms for the expression of
connexin genes could be evolutionarily conserved.
Taking advantage of the zebraﬁsh model, morpholino knockdown
approach would provide a powerful strategy to elucidate the functional
roles of cx45.6 gene (as well as its alternative splicing) for the
development of the cardiovascular system in zebraﬁsh embryos. The
identiﬁcation and characterization of alternative 5′UTRs of cx45.6 in this
study enable us to designeffectivemorpholinoknockdownexperiments
for such functional analyses. The results in this study also lay
groundwork for us to further investigate the transcriptional and post-
transcriptional regulation of cx45.6 expression. These studies are
important to characterize the roles of connexin genes in vertebrate
cardiovascular development and function, and provide insights into the
prevention and treatment of human cardiovascular diseases.
Materials and methods
Fish care
Wild type zebraﬁsh (Danio rerio) were purchased from a local pet
store and maintained in an aquarium facility on a daily light/dark
cycle of 14 h light and 10 h dark at 28.5 °C. The embryos were
incubated in egg water (60 μg/ml instant ocean sea salts) in a 28.5 °C
water bath, and staged using time elapsed since fertilization. The use
of experimental animals was approved by the University of Manitoba
Institutional Animal Care Committee.
RNA preparation
RNA samples were isolated using Trizol reagent (Invitrogen). The
RNAsampleswithA260/A280 ratios between1.8 and2.0were accepted
for further use. The quality of RNA samples was also tested by RNA gel
electrophoresis. For all experiments, fresh RNA samples were used, and
no DNase treatments were performed before reverse transcription in
order to avoid as much as possible any loss and degradation of RNA.
5′ RACE (rapid ampliﬁcation of cDNA ends)
5′RACE experiments were performed using a GeneRacer™ Kit
(Invitrogen) according to the manufacturer's recommended
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liver tissues (a mixture of RNA samples), and about 1 μg of total RNA
was used in one 5′RACE experiment. Total RNA samples were ﬁrst
treated with calf intestinal phosphatase (CIP) in order to de-
phosphorylate the 5′ end of truncated mRNA and non-mRNA
molecules. The de-phosphorylated RNAs were then treated with
tobacco acid pyrophosphatase (TIP) to remove the 5′ cap structure
from mature full-length mRNA, thus leaving a 5′ phosphate group
available. Using T4 RNA ligase, a universal RNA oligonucleotide
(GeneRacer™ RNA oligo, 5′-CGA CUG GAG CAC GAG GAC ACU GAC
AUG GAC UGA AGG AGU AGA AA-3′) was then ligated to the de-
capped mRNA, providing a priming site for the following PCR
reactions. First strand cDNAs were then reverse transcribed using
SuperScript III reverse transcriptase with a mix of random hexamers
and the GeneRacer™ oligo-dT primer (5′-GCT GTC AAC GAT ACG CTA
CGT AAC GGC ATG ACA GTG (T)24-3′). In the following PCR
ampliﬁcations, the gene-speciﬁc reverse primers used were 5′-GGC
CCA TGT AGA TGA GGG AGG GTG-3′ for the ﬁrst round of PCR and 5′-
GGT GTC GAT ACG AAG ACG ATC TGC AGC-3′ for the nested PCR. The
nested PCR products were cloned into the pCR4-TOPO vector
(Invitrogen), and the ligation was then transformed into One Shot®
TOP10 chemically competent E. coli cells (Invitrogen). Independent
positive clones were randomly isolated and sent out for sequencing
(DNA Centre, University of Calgary). Resultant sequences were then
aligned against genomic DNA sequences of cx45.6 to determine their
transcriptional start sites and exon–intron structures.
Real-time RT-PCR
RNA samples for real-time RT-PCR were isolated from zebraﬁsh
embryos (0.5 dpf, and 1–5 dpf stages) and a series of adult tissues. For
each sample, DNase pre-treatment was not performed in order to
maintain as much as possible the RNA integrity. Approximately 3 μg of
total RNAwas reverse transcribed by Superscript III (Invitrogen), with a
mixof randomhexamers andoligo-dT(18) primers (Invitrogen), for 1 hat
52 °C, in a reaction volume of 20 μl. The resulting cDNAwas then diluted
to 100 μl with ddH2O for further use. A reverse transcriptase negative
control was also used for monitoring genomic DNA contamination.
Primer pairs for zebraﬁsh cx45.6 were designed to speciﬁcally
target their splice variants. In order to avoid the ampliﬁcation of
potential contaminating genomic DNA, all primer pairs have at least
one primer spanning an exon–exon boundary. For this purpose, the
primers were manually designed, and their properties were checked
by free software OligoAnalyzer 3.0 (Integrated DNA Technologies,
Coralville, IA, USA). Zebraﬁsh ef1α was used as reference gene.
Similarly, in order to restrict the ampliﬁcation of genomic templates,
the forward primer spanned the junction between exon 1 and exon 2,
while the reverse primer was located in exon 2. Standard-curve tests
were performed in order to validate the speciﬁcity and efﬁciency of all
primer pairs. All primer pairs gave acceptable high speciﬁcities and
efﬁciencies, thus allowing the comparative cycle threshold (ΔCt)
method to be used. All primer pairs used for real-time PCR and their
anticipated amplicon size are summarized in Table 1.
PCR reactions were performed on an iQ5 real-time PCR detection
system (BIO-RAD). cDNA samples (2 μl per well) were mixed with
250 nM of each primer and 10 μl of SYBR Green Supermix (BIO-RAD,
Hercules, CA, USA) reagent in a ﬁnal volume of 20 μl. In addition, a
reverse transcriptase negative control and a template-negative control
were also set up in parallel. PCR conditions were as follows: 95 °C for
3 min followed by 40 cycles at 95 °C for 10 s, 61 °C for 10 s, and 72 °C for
10 s. After ampliﬁcation, melting curve analysis was employed to check
PCR speciﬁcity, and monitor genomic DNA contamination.
Each samplewas tested in at least duplicate reactions and all PCR runs
were performed twice with parallel cDNAs prepared from independent
RNA samples. Ct values were exported into Microsoft Excel, and mean
Cts were used for the calculation of ΔCt. Expression levels of cx45.6transcripts were translated into column heights by normalizing against
reference ef1α. Results from parallel cDNA samples are consistent with
each other, and one of which was presented as column graphs.
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